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入研究了 FPGA 系统的 10 大评审要素。研究整理出核电厂 FPGA 系统的评审
导则和开发标准，明确了对 FPGA系统的软硬件双重特性的正确认知。 
其次，研究了 FPGA 开发和验证的文献资料，归纳出一套具有操作性的开
发生命周期和 V&V 过程体系。该体系可以作为开发人员开展核电厂 FPGA 系
统生命周期活动的参考，并帮助监管机构对 FPGA 系统形成总体认识。此套





最后，使用 NuSMV 语言对 FPGA PCR 设计建立了具体设计模型、RTL 级
模型和综合级模型，并进行形式化验证。模型检验器 NuSMV 运行时遍历模型
的所有状态，实现了系统设计模型 100%覆盖率的模型检验和等价性验证。研
究表明，形式化验证方法能够有效验证简单的 FPGA 系统设计。 
本文针对核电厂 FPGA 系统的验证研究，探索了核电厂 FPGA 系统的开发
生命周期和 V&V 活动，有助于获得具有可操作性的核电厂 FPGA 开发与验证
技术，为基于 FPGA 的核电厂安全级仪控系统的 V&V 和评审提供理论和技术
参考。此外，对形式化验证方法在核工业领域的应用进行了有益的探索，有助
于模型检验和等价性验证方法在核电厂仪控系统的应用。 
















FPGA (Field-Programmable Gate Array) is still a new technology in nuclear 
power industry, and there are no generally accepted guidelines and standards for the 
development and licensing of FPGA-based NPP (nuclear power plant) I&C 
(instrumentation and control) system. The challenge is that it is difficult to verify its 
safety and reliability. Therefore, there is absolutely a need for seeking guidelines and 
standards that can provide guidance for its development and licensing, and working 
out an operable technology in the development and verification, in order to provide 
theoretical and technical reference for V&V and review of FPGA-based I&C 
system.  
In this paper, laws and regulations, guidelines and technical references that 
should be conformed to in the development of FPGA-based NPP I&C system are 
studied, as well as the guidelines on software review. Based on the review process of 
NRC (U.S. Nuclear Regulatory Commission) which was carried out on the 
FPGA-based I&C systems, ten review essentials of FPGA-based I&C system life 
cycles are deeply studied. The studies show that the development of FPGA-based 
NPP I&C system should pay attention to the high-quality life cycle and V&V 
(verification and validation) process. 
Secondly, the existing literatures on FPGA development and verification are 
studied, and a system of accessible and high-quality development life cycle and 
V&V is summarized. This system will offer the essential guidance for the activities 
of FPGA-based NPP I&C system life cycle, and help regulators form an overall 
perspective of FPGA system. Study suggests that V&V activities and methods 
provide sufficient evidence for the safety and reliability of FPGA-based I&C 
system. 
Furthermore, development and verification of FPGA-based primary coolant 
system (PCR) protection channel are launched, using FPGA guidelines, 















system life cycle is presented; on the other hand, task, requirement and report 
structure of FPGA system life cycle are highlighted. 
Last, but not the least, three models of FPGA-based PCR design, including 
detailed design model, RTL-level model and synthesis-level model, established 
using NuSMV input language, are verified in formal methods with the model 
checker NuSMV. Once run, NuSMV traverses all states of the model, achieving 
100% test coverage of the system model with model checking and equivalence 
checking. Result shows that formal verification is a practical and effective way to 
verify simple FPGA-based I&C system design, especially function block diagram. 
The research on the verification of FPGA-based nuclear power plant I&C 
system provides sufficient guidance for high-quaility development life cycle and 
V&V activities, contributes to working out an operable development and validation 
technology of FPGA-based I&C system, and providing theoretical and technical 
reference for V&V and review of FPGA-based I&C system. In addition, the 
exploration of formal verification applied to nuclear power industry ensures that 
FPGA-based system is of safety and high quality, which contributes to the 
application of model checking and equivalence checking NPP I&C system. 
Keywords: FPGA-based NPP I&C system; development life cycle; verification 
















CTL         computation tree logic 
CM          configuration management 
DG          Draft NRC Regulatory Guides 
EARS        easy approach to requirements syntax 
EDIF         electronic design interchange format 
EEPROM     electronically erasable programmable read-only memory 
EPRI         Electric Power Research Institute 
EQ           equipment qualification 
FPGA        field-programmable gate array 
FSM         finite state machine 
HDL         hardware description language 
I&C          instrumentation and control 
IAEA         International Atomic Energy Agency 
IEC          International Electrotechnical Commission 
JTAG         joint test action group 
LEC          logic equivalence checking 
LTL          linear temporal logic 
NPP          nuclear power plant 
NRC         (United States) Nuclear Regulatory Commission 
PAR          place and route 
PCR          primary coolant system 
PLD          programmable logic device 
PSL          property specification language 
QA           quality assurance 
RG           Regulatory Guides 















RTM          requirements traceability matrix 
V&V          verification and validation 
VHDL         very high speed integrated circuit hardware description language 
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1.1  背景 











要求。如何开展高质量的 FPGA 系统开发生命周期，以及采用什么 V&V 方法
才能保证系统的安全性和可靠性已成为业内人士的难题。难以验证 FPGA 系统
的安全性和可靠性则是 FPGA 技术在核工业领域应用的挑战。 
当前，国际上广泛开展了针对 FPGA 技术在核电厂仪控系统应用的研究。
许多实际工程项目也频繁地使用 FPGA 系统，它的实现方式有两种：FPGA 系
统替换现有仪控系统和新建核电厂系统 FPGA 设计。由于国际上缺乏指导核电
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于软件的方法用于具有软硬件双重特性的 FPGA 系统并不充分。FPGA 的硬件
特性使得开发过程更加复杂，设计者和验证人员必须拥有 FPGA 软硬件的知识。 
为了指导核电厂 A 类功能 FPGA 类型器件的开发，国际电工技术委员会
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